Avian gametes present specific features related to their internal long-term mode of fertilization. Among other central actors of energetic metabolism control, it has been suspected that 5 0 -AMP-activated protein kinase (AMPK) influences sperm functions and thus plays a key role in fertilization success. In the present work, we studied AMPK localization and function in chicken sperm incubated in vitro. Effects of the pharmacological AMPK activators (AICAR, metformin) and the AMPK inhibitor compound C were assessed by evaluating AMPKalpha (Thr 172 ) phosphorylation (by Western blotting), semen quality (by viability, motility, and ability to perform acrosome reaction), and energetic metabolism indicators (lactate, ATP). Localization of AMPK in subcellular sperm compartments was evaluated by immunocytochemistry. Total AMPK was found in all compartments except for the nucleus, but the phosphorylated form phospho-Thr 172 -AMPK was essentially localized in the flagellum and acrosome. AMPK activators significantly improved AMPK phosphorylation, sperm motility (increased by 40% motile, 90% progressive, and 60% rapid sperm), acrosome reaction and lactate production (increased by 40%) and viability. The AMPK inhibitor significantly reduced AMPK phosphorylation and percentages of motility (decrease by 25%), progressive energy (decrease by 35%), and rapid sperm (decreased by 30%), acrosome reaction, lactate production, and ATP release. The two activators differed in their effect on ATP concentration: AICAR stimulated ATP formation, whereas metformin did not. Our results indicate that AMPK plays a key role in the regulation of chicken sperm functions and metabolism. This action differs from that suggested in mammals, mainly by its crucial involvement in the acrosome reaction process.
INTRODUCTION
Sperm are highly specialized cells which require high ATP as energy source to ensure motility and fertilizing ability. Avian gametes present specific features related to their very complex system of internal fertilization [1] [2] [3] and to the adaptation of flying animals to a wide geographical distribution. Unlike mammal sperm, chicken sperm acquire their motility [4] and part of their fertilizing ability as soon as they leave the testis [5] . Their fertilizing ability further increases in the epididymis [6] . As in other amniote species, the head of the avian sperm contains mainly condensed paternal genetic DNA and acrosome proteins intended to interact with the oocyte. Acrosome reaction is required to achieve fertilization. The intermediate piece contains approximately 30 mitochondria in the chicken, involved mainly in the energy supply for flagellum movement. The flagellum, which is very long in chicken sperm (90 lm), allows the sperm to reach the storage tubules of the uterovaginal junction, where they may stay for weeks before reaching the fertilization site in the infundibulum. These biological features imply a central role of energetic metabolism, so that sperm fertilizing ability is preserved during the long period of time of its residence in the avian female genital tract (up to 3 wk).
5 0 -AMP-activated protein kinase (AMPK) is a serine/ threonine protein kinase that is a sensor of energy metabolism in the cells. AMPK activation stimulates catabolic pathways that produce ATP and simultaneously inhibits ATP-consuming anabolic pathways, thus adjusting cellular energy balance [7, 8] . AMPK is a heterotrimeric enzyme with an a catalytic subunit and 2 regulatory subunits, b and c [9] [10] . Seven isoforms (a 1, a 2, b 1, b 2, c 1, c 2, and c 3) are encoded by different genes [11] . AMPK is activated when the AMP:ATP ratio is high and is phosphorylated by the upstream kinases such as liver kinase B1 (LKB1, also known as serine/threonine kinase 11 [STK11]) [12] , calcium/calmodulin-dependent protein kinase kinase b (CaMKKb) [13] , and GF-b-activated kinase (TAK1) [14] at Thr 172 on its a-subunit. AMPK can also be activated by pharmacological modulators, for example, activators such as 5-aminoimidazole-4-carboxamide-1-b-Dribofuranoside (AICAR) and metformin (MET; 1,1-dimethylbiguanide hydrochloride), and inhibitors such as compound C (CC; 6-[4-f2-piperidin-1-yl-ethoxyg-phenyl]-3-pyridin-4-ylpyrazolo [1, 5-a] 
pyrimidine).
In 2001, Zhou et al. [15] demonstrated for the first time that MET might be acting through AMPK. Moreover, MET does not directly activate AMPK but inhibits complex I of the mitochondrial respiratory chain, suggesting an indirect activation of AMPK by increasing the intracellular AMP:ATP ratio [16] . MET improves insulin signaling pathways and consequently glucose and lipid metabolism [17, 18] . In reproduction, MET increases AMPK phosphorylation in granulosa cells of bovine and rat ovaries [19, 20] and lactate production in human granulosa cells [21] and in rat Sertoli cells [22] . MET also improves the motility of boar and frozen-thawed mice sperm [23, 24] .
Unlike MET, AICAR is a direct activator of AMPK. In the cell, AICAR is rapidly phosphorylated into an AMP analog, 5-aminoimidazole-4-carboxamide-1-D-ribofuranosyl 5 -monophosphate (ZMP), that activates AMPK by mimicking the effects of AMP on the kinase [25, 26] . In rat skeletal muscles, AICAR stimulates glucose uptake and the oxidation of fatty acids [27] , whereas in the liver, this compound inhibits gluconeogenesis (PEPCK and G6Pase) [28] . In gonads, AICAR stimulates lactate production in rat Sertoli cells by increasing phospho-Thr 172 -AMPK, and it increases AMPKa1 phosphorylation in rat granulosa cells [29] [30] .
Compound C has been studied extensively as an inhibitor of AMPK [31] . It is a selective AMPK competitive inhibitor at ATP-binding sites [32] . It may also block uptake by the cells [33] . In addition, CC reduces fatty acid oxidation and glucose transport in rat muscle and hepatic gluconeogenesis [15] and stimulates insulin release by reducing AMPK phosphorylation [34] . CC significantly decreases motility values of boar sperm [35] .
The role of AMPK in male avian gametes remains largely unknown. The present study aimed at better understanding its role in chicken sperm functions. We localized and quantified total AMPK and its phosphorylated form at Thr 172 in chicken sperm and examined the effects of the AMPK activators AICAR and MET and inhibitor CC on sperm functions (viability, motility, and ability to accomplish acrosome reaction) and on energy metabolism (lactate and ATP).
Study of the role of AMPK in male gametes should provide new ways to increase semen quality, especially when sperm are subjected to biotechnological methodologies such as cryopreservation.
MATERIALS AND METHODS

Chemicals and Reagents
All chemicals used in this study were purchased from Sigma-Aldrich (Munich, Germany) unless otherwise noted. CC, AICAR, and MET were obtained from Calbiochem (Billerica, MA). A stock solution of CC was prepared in dimethylsulphoxide (DMSO), and stock solutions of MET and AICAR were prepared in deionized water. Complete mini-EDTA-free protease inhibitor cocktail tablets were from Roche Diagnostics. Tris/glycine buffer (103), Tris/glycine/SDS buffer (103), and Precision Plus protein All Blue Standards (catalog no. 161-0373) were obtained from Bio-Rad (Hercules, CA) and anti-AMPKa from Millipore (Billerica, MA), anti-phospho-Thr 172 -AMPKa and anti-rabbit immunoglobulin G (IgG) horseradish-peroxidase (HRP)-linked antibodies from Cell Signaling Technology (Danvers, MA). PI/ Sybr-14 (live/dead sperm viability kit) was purchased from Molecular Probes (Saint Aubin, France).
Animals and Semen Collection
Animal breeding and experiments were conducted with respect to animal welfare and followed the welfare European regulation. All procedures were performed in accordance with the agreement of the French Direction of Veterinary Services and were authorized and registered with the competent French authority in compliance with the requirements of the Directive 2010/63/ EU of the European Parliament and of the Council of 22 September 2010 on the protection of animals used for scientific purposes (28 August 2012, C37-175-1). Experiments were thus conducted in accordance with the SSR's specific guidelines.
Animals were 22-to 55-wk-old adult chickens of the D þ/À line [36] . Semen was collected by dorsoabdominal massage [37] and was centrifuged for 10 min at 600 3 g at 208C [38, 39] . Sperm pellets were resuspended in Beltsville poultry semen extender (BPSE) [40] at a final sperm concentration of 500 3 10 6 cells/ml as measured by optical density absorption with a spectrophotometer (IMV, L'Aigle, France) at 530 nm. BPSE buffer contained 2 mM potassium citrate, 45 
Sperm Incubation with Modulators of AMPK
The AMPK modulators, either the inhibitors (CC and adenine 9-b-Darabinofuranoside [ARA-A]) or activators (AICAR and MET) were tested. Because the effects of ARA-A on sperm quality were very similar to those of CC, only the effects of CC were fully studied in the present work.
We chose to work at 358C, although chicken body temperature is 418C, because sperm mobility is reduced at 408C and above and is known to be higher at slightly lower temperatures [41, 42] . In addition, viability and AR decreased very quickly at 418C (Fig.1) . Regarding the time factor, we tested durations from 10 to 90 min, and we found that incubations up to 40 min were best to retain normal sperm quality (significant alterations were observed at longer incubations) (Fig. 1) .
Thus, sperm samples were incubated at 358C in the presence or absence of 1-10 lM CC, 0.2-10 mM AICAR, and 0.5-5 mM MET or in solvents alone (DMSO for CC and deionized water for MET and AICAR). In one experiment, cells were pretreated with AICAR for 15 min before exposure to CC. The most efficient concentrations for sperm quality (viability, motility parameters, and acrosome reaction) were 5 lM for CC, 1 mM for MET, and 2 mM for AICAR, as shown in Supplemental Figures S1-S9 (available online at www.biolreprod. org). These doses were thus used to obtain the results presented in the present study.
Western Blotting
For Western blotting experiments, total proteins were extracted from chicken sperm in lysis buffer (10 mM Tris, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 100 mM sodium fluoride, 4 mM sodium pyrophosphate, 2 mM sodium orthovanadate, 1% Triton X-100, and 0.5% NP40/igepal CA-630 containing a protease inhibitor cocktail with EDTA). Cell lysates were centrifuged at 12 0003g for 30 min at 48C, and protein concentration in each supernatant was determined by a colorimetric assay (DC protein assay; Bio-Rad). The proteins were then separated by 10% SDS-PAGE and transferred onto nitrocellulose membrane (Whatman Protran; Dassel, Germany). Afterward, the membranes were incubated in anti-phospho-Thr 172 AMPKa (62 kDa) or in anti-total AMPKa (62 kDa) diluted in 5% bovine serum albumin in TBS-Tween 0.1% (1:1000 final dilution) overnight at 48C. Finally, the membranes were further incubated for 1 h in HRPconjugated secondary goat anti-rabbit antibody (1:2000 final dilution). The intensity of bands in the signal was analyzed using Odyssey software, version 1.2 (Licor Biosciences, Lincoln, NE).
Immunocytochemistry
Total AMPKa and phospho-Thr 172 -AMPKa were localized in chicken sperm by immunocytochemistry. Sperm cells at 500 3 10 6 cells/ml were fixed in paraformaldehyde (4%) for 4 min, spread onto a poly-L-lysine slide, and then air-dried at room temperature. Afterward, sperm cells were washed in phosphate-buffered saline (PBS; 3 times for 3 min each) and then permeabilized for 10 min with 0.35% Triton X-100 in PBS. Nonspecific binding was blocked with PBS supplemented with 10% goat serum (SigmaAldrich) for 30 min at room temperature. Samples were then incubated overnight at 48C with anti-AMPKa or anti-phospho-Thr 172 -AMPKa diluted 1:50 in PBS-1% goat serum, rinsed (3 times for 3 min each) with PBS, and then incubated with biotinylated goat anti-rabbit IgG (HþL; Southern Biotech; Birmingham, AL) (1:100 dilution in PBS-1% goat serum) for 1 h at 48C. Then, sperm cells were washed (3 times for 3 min each) with PBS and incubated with Cy2-streptavidin (1:200 dilution in PBS; Southern Biotech) for 45 min at room temperature in the dark, rinsed (3 time for 3 min each) with PBS, and incubated with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI; 0.05 lg/ml; Sigma-Aldrich) for 10 min. The presence of total AMPKa and phospho-Thr 172 -AMPKa in sperm was examined by fluorescence microscopy (Axioplan 2; Zeiss Gruppe, Jena, Germany). Negative control immunostaining was also performed at the same time by omitting the primary antibody.
We measured the amount of fluorescence (corrected total cell fluorescence [CTCF] in arbitrary units) of phospho-AMPK-positive cells by using ImageJ software (version 1.41; National Institutes of Health, Bethesda, MD). A regional quantitation of the signal was drawn around each cell to be measured. The same region in an area without fluorescent cells was used for background subtraction. CTCF was calculated as integrated density À [area of selected cell 3 mean fluorescence of background readings]. All experiments were performed at least four times.
Sperm Viability Assessment
Sperm were diluted in Lake 7.1 buffer [43] down to 20 3 10 6 cells/ml, 5 ll of Sybr-14 was added, and then the solution was incubated for 10 min in NGUYEN ET AL. darkness at 48C. Afterward, 2 ll of propidium iodide (PI) was added, and the incubation was continued for 5 min in the dark at 48C. After incubation, sperm cell viability was assessed by fluorescence microscopy (Axioplan 2; Zeiss): living cells appeared green and dead ones red. A total of 600 sperm were counted per replicate (10 replicates per treatment). All preparations were analyzed by the same observer.
Analysis of Sperm Motility by Computer-Assisted Sperm Analysis System
Sperm motility parameters were evaluated by computer-assisted sperm analysis (CASA; IVOS model motility analyzer; Hamilton Thorne, Beverley, MA) [44] . In this experiment, the parameters measured were percentage of motile sperm (%), curvilinear velocity (VCL, in lm/sec), path velocity (VAP, in lm/sec), progressive velocity (VSL, in lm/sec), straightness (STR, in %; e.g., STR ¼ VSL/VAP 3 100), linearity (LIN, in %; LIN ¼ VSL/VCL 3 100), rapid cells (percentage of motile sperm with VAP . 50 lm/sec, in %), and progressive sperm (rapid sperm-to-straightness ratio of .75% [in %]).
Acrosome Reaction Assessment with FITC-PNA
After AMPK modulator treatment, completion of the acrosome reaction was detected by fluorescein isothiocyanate-conjugated peanut agglutinin (FITC-PNA) binding [45] . Sperm cells were incubated at 418C with 50 ll of the inner perivitelline layer and 500 ll of NaCl-TES) containing 5 mM Ca 2þ for 5 min. Samples were then centrifuged at 400 3 g for 5 min, and pellets were resuspended in 100 ll of NaCl-TES. FITC-PNA was then added (1 mg/ml), and sperm were incubated for 10 min in the dark at 48C, washed in 440 ll of NaCl-TES, and centrifuged at 400 3 g for 5 min. The pellets were resuspended in 200 ll of NaCl-TES for analysis. The sperm that completed their acrosome reactions were observed under fluorescence microscopy (Axioplan 2; Zeiss). A minimum of 100 sperm for each treatment from 10 replicates per treatment were examined, and sperm that had undergone acrosome reaction were characterized by green fluorescence of their acrosomal region [38, 39] . All preparations were analyzed by a single observer.
Measurement of ATP Concentration
After incubation of sperm with or without AMPK modulators, ATP concentration was measured using the Cell-Titer-Glo assay (Promega, Madison, WI). Standards were prepared from ATP standard (Promega) using serial dilutions to obtain concentrations of 1 3 10 À7 , 1 3 10 À8 , 1 3 10 À9 , 1 3 10 À10 , 1 3 10
À11
, and 1 3 10 À12 M. Briefly, the assay buffer and substrate were equilibrated to room temperature, and the buffer was transferred with the substrate. After 30 min, 50 ll of sample was added to 50 ll of luciferin/ luciferase reagent in 96-well plates while plates and the contents were mixed for 2 min and incubation was continued for 10 min at room temperature. The luminescence at integration 3 1000 (ms) was read using an Ascent Luminoskan luminometer (ThermoScientific, Palm Beach, FL) with BPSE as a blank for each experiment.
FIG. 1. Effect of temperature (358C and 418C
) on sperm viability and acrosome reaction. Sperm were incubated at 358C and 418C for 90 min. Viability (A) and acrosome reaction (B) decreased much faster at the chicken body temperature of 418C than at 358C. A) The experiment was performed four times; Values (%) are means 6 SEM. Different superscript letters indicate statistically significant differences (P , 0.001) of viability between the two temperatures. There was a significant decrease of sperm viability with time (P , 0.001). B) Different superscript letters indicate statistically significant differences (P , 0.001) of sperm acrosome reaction between the two temperatures. There was a significant decrease of sperm acrosome reaction with time (P , 0.001).
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Lactate Concentration Measurement
After sperm were incubated in the absence or presence of AMPK modulators, sperm were disrupted by ultrasonic treatment in 0.9% NaCl and centrifuged at 14 000 3 g for 10 min. The supernatant was recovered and used to measure lactate concentration by the enzymatic method, measuring the NADH formed consequently to lactate oxidation by LDH as described by Gutmann and Wahlefeld [46] by spectrophotometry at 340 nm. We used BPSE as a blank, and a standard curve with increasing concentrations of lactic acid (L[þ] lactic acid was constructed before measurement of test samples.
Statistical Analysis
Data are as means 6 S.E.M. Statistical analysis used Statview (Nesbit, MS) and SPSS version 16.0 (IBM, Armonk, NY). The significance of the differences between treatments was calculated by Student t-test or ANOVA. The level of significance was set at a P value of ,0.05.
RESULTS
Identification and Localization of AMPK and PhosphoThr 172 -AMPK in Chicken Sperm
The presence of AMPK and its phosphorylated form, phospho-Thr 172 -AMPK, in chicken sperm was assessed with Western blotting and indirect immunofluorescence using primary antibodies against AMPKa and phospho-Thr 172 -AMPKa.
Western blotting for the catalytic a-subunit of AMPK in chicken sperm as well as positive controls (chicken liver and testis) revealed a main band with an apparent molecular weight of 62 kDa (both phospho-Thr 172 -AMPKa and total AMPKa) (Fig. 2) . A nonspecific band of molecular mass (;40 kDa) was also found in chicken sperm.
Immunofluorescence data (Fig 3) showed that the total AMPK protein was observed in the acrosomal region and in the midpiece as well as in the entire flagellum (Fig. 3B ), but phospho-Thr 172 -AMPK was localized mainly in the flagellum and acrosome regions and at a much lower intensity in the midpiece (Fig. 3F) .
Modulator Effects on AMPK Phosphorylation and Localization in Chicken Sperm
To assess activation or inhibition of AMPK, Western blot analyses using antibodies against phospho-Thr 172 -AMPKa and total AMPKa (as loading control) were performed with chicken sperm in the absence or presence of 2 mM AICAR, 1 mM MET, or 5 lM CC.
The amount of Thr 172 -phosphorylated AMPKa was significantly increased in sperm preparations treated with AICAR compared to untreated sperm after 10 min and 25 min of incubation (Fig. 4A) while MET increased phospho-Thr 172 -AMPK levels after 25 and 40 min (Fig. 4B) . In contrast, CC reduced phospho-Thr 172 -AMPK levels after 25 min of incubation compared to that of the control (Fig. 4C) .
The nonspecific band (;40 kDa) was not affected by the pharmacological modulators. Therefore, we focused on the effects of AMPK modulator treatments on AMPK localization in sperm at 25 min. The staining of phospho-Thr 172 -AMPK protein was more visible in cells treated with the AMPK activators AICAR and MET ( (Fig. 5A.f) , but there was no visible difference in the acrosome. In the presence of CC inhibitor, we found only a faint staining in the flagellum (Fig. 5A.g ), and with AICAR, phospho-Thr 172 -AMPK appeared present in the midpiece (Fig.  5A.h) .
We also observed that the percentage of positive cells for phospho-Thr 172 -AMPK was significantly increased with the AMPK activators (81% with AICAR and 70% with MET) compared to that of control (Fig. 5B) . Conversely, the AMPK inhibitor CC significantly decreased the total number of fluorescent cells by 74% compared to that of the control (Fig. 5B) . Fluorescent intensity levels of phospho-AMPK were also significantly reduced by CC and increased by AICAR and MET (Fig. 5C ). 
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Modulator Effects on Sperm Quality
Sperm motility. AMPK modulators modified sperm motility parameters (% motile, % rapid cells, VAP in lm/sec, VSL in lm/sec, VCL in lm/sec, % STR, and % LIN) ( Tables 1-3 ). The AICAR stimulation affected sperm faster than MET. Most motility parameters were rapidly (after 10 min) and significantly increased with AICAR compared to control ( Table 1) . The percentage of motile sperm was significantly increased by AICAR at 10 min (mean increase, ;19%) and at 25 min (mean increase, ;38%) compared to that of the control. The motility parameters progressive sperm and rapid sperm percentages were also significantly increased to a maximum at 25 min: up to 98% for progressive sperm and 70% for rapid sperm. Concomitantly, AICAR significantly increased most velocity parameters studied at 10 min, including progressive by 28%, VAP by 16%, and VSL by 15%, and the rest of sperm motility parameters were also significantly increased by 25 min.
The addition of MET did not affect sperm motility parameters after 10 min, but they were all significantly increased compared to those in control at 25 and at 40 min of incubation ( Table 2 ). The percentage of motile sperm was significantly increased at 25 min (;36%) and at 40 min (;47%) compared to the control. The percentage of rapid sperm was significantly increased at 25 min by 67% and at 40 min by 58% compared to that of the control. The percentage of progressive sperm was significantly increased at 25 min by 85% and at 40 min by more than 100%. Moreover, the velocity was significantly increased at 25 min and at 40 min.
Conversely, treatment of chicken sperm with CC significantly decreased motile, rapid cells, progressive, VAP, STR, and LIN at 25 min and 40 min of incubation, whereas VSL and VCL were significantly decreased compared to those of control at 40 min (approximately 24% reduction of the percentage of motile sperm and 34% of the percentage of rapid sperm at 25 min; approximately 26% reduction of the percentage of motile sperm and 27% the percentage of rapid sperm at 40 min; and approximately 35% reduction of the percentage of progressive sperm at 25 and 40 min) ( Table 3) .
We also observed a significant decrease in motile, rapid, and progressive sperm after 40 min of incubation for the controls as well as for those treated with AICAR or CC. However, with MET, the decrease was significant only for motile sperm after 40 min of incubation. We also observed a significant decrease of VCL and STR with CC at this time of incubation.
Acrosome reaction. The percentage of sperm able to undergo a successful acrosome reaction was significantly increased by AICAR at 10 min (mean increase, ;34%), at 25 min (mean increase, ;52%), and at 40 min (mean increase, ;47%) compared to those of the control (Fig. 6A) . With MET, the acrosome reaction rate was significantly increased at 25 min (mean increase, ;47%) and at 40 min (mean increase, ;66%) compared to the control (Fig. 6B) . Treatment of sperm with CC significantly decreased the acrosome reaction rate at 25 min (mean decrease, ;29%) and at 40 min (mean decrease, ;25%) compared to the control (Fig. 6C) . Thus, AMPK activators increased the rate of acrosome reaction whereas the inhibitor decreased it. Moreover, the ability of sperm to undergo the acrosome reaction was negatively affected over time in all treatments (P , 0.01). However, we also observed a significant decrease in the rate of acrosome reaction after 40 min of incubation for the controls as well as for the treated samples.
Sperm viability. We studied the effects of AMPK modulators on sperm viability to ensure that the experimental conditions stay compatible with living cells and also to potentially correlate with other studies. The percentage of sperm viability as assessed with SYBR14/PI was significantly increased at 25 and at 40 min of incubation at 358C with AICAR (mean increase, ;9%) ( Table 1 ) and with MET (mean increase, ;8%) ( Table 2 ) compared to the control. Treatment with the AMPK inhibitor CC did not significantly affect sperm viability for a given time. However, a significant decrease of viability over the 40 min of incubation was observed for the controls and CC but not for AICAR and MET treatments (Table 3) . 
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Effect of CC on AICAR-Induced AMPK Phosphorylation and Sperm Quality
Taking into account the respective mechanisms of action of AICAR and CC, we studied the effect of adding CC at 15 min after AICAR addition to chicken sperm in order to assess the stability of phosphorylated AMPK in sperm. In the presence of CC, a marked drop in AICAR-induced AMPK phosphorylation as well as in AICAR-induced increase in viability, mobility, AR, and ATP concentration were observed (Fig. 7) . 
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Modulator Effects on Sperm Energetic Metabolism (Lactate Production and ATP Concentration)
Lactate production increased strongly between 10 and 40 min of incubation. Addition of the AMPK activator AICAR or MET in sperm led to a significant increase in the sperm lactate production at 25 and at 40 min of incubation (25% to 35% increase) (Fig. 8, A and B) . Addition of the AMPK inhibitor CC significantly inhibited the lactate production at 25 min (mean decrease, ;29%) and at 40 min (mean decrease, ;27%) (Fig. 8C) .
AICAR significantly increased the ATP concentration at 25 and 40 min of incubation (mean increase, ;30%) (Fig. 9A) , but the activator MET did not affect it (Fig. 9B) . The inhibitor CC significantly decreased ATP concentration at 25 and 40 min (Fig. 9C) .
DISCUSSION
AMPK is a sensor protein of cell energy status and is, thus, a key enzyme in regulating lipid, glucose, and energy balances. In mammalian tissues, AMPK activates metabolic pathways, producing ATP, and simultaneously inhibits ATP-consuming anabolic pathways [7] . In reproductive tissues, AMPK has been shown in rodent testis [11] . AMPK catalytic a has also been found in mice Leydig and Sertoli cells and sperm [22] . The presence of AMPK catalytic a subunit in boar-ejaculated sperm and the inhibitory effect of the AMPK inhibitor CC on boar sperm motility have also been shown [35] .
In the present study, using immunofluorescence and Western blotting, we demonstrated for the first time the presence of AMPKa and phospho-Thr 172 -AMPKa in chicken sperm. We also showed for the first time that appropriate doses of the AMPK activators AICAR and MET increased chicken sperm motility, acrosome reaction, viability, and sperm energetic metabolism, whereas CC reduces sperm functions.
The presence of the AMPKa protein in the acrosome, midpiece, and flagellum is in agreement with its possible function in sperm motility and acrosome reaction process. Phospho-Thr 172 -AMPKa is found mainly in the flagellum and acrosome and with a lower intensity in the midpiece. Strong signals in the flagellum and acrosome and low signals in the midpiece suggest local actions that do not involve mitochondria activation as initial steps. Interestingly, these results are different from those obtained with boar sperm as phosphoThr 172 -AMPKa was not found in the flagellum of boar sperm ejaculate [47] .
The suggestion of ''local'' action of AMPK in chicken sperm flagella and acrosomes is supported by the strong increase in phospho-Thr 172 -AMPK in the flagellum after MET and AICAR. This would be connected with a localization of ATP synthesis and regulation not restricted to the midpiece with the support of mitochondrial respiration but also present in other sperm compartments with ATP synthesis through local anaerobic glycolysis [48, 49] . Indeed, glycolytic enzymes have previously been found in the sperm tails of birds and mammals [50, 51] , and the anaerobic glycolysis is known to be efficient in chicken sperm [52] .
Moreover, the protein phosphorylation stimulation observed with MET and AICAR was different. Phospho-Thr172-AMPK was immunolocalized in the acrosome and flagellum but not in the midpiece (which contains the mitochondria) when MET was present. With AICAR, phospho-Thr 172 -AMPK was found in the acrosome and flagellum as well as in the midpiece. The presence of phospho-Thr 172 -AMPK in the midpiece was accompanied by a clear increase in ATP concentration when AICAR was used, whereas the ATP concentration was not significantly affected following MET treatment. Western blot analysis confirmed the AICAR and MET stimulation of AMPKa phosphorylation, but this occurred faster with AICAR than with MET (less than 10 min vs. 25 min, respectively). These differences in activation kinetics by AICAR and MET were also observed for sperm functions.
All these results are consistent with the view that AICAR directly and rapidly activates AMPK, whereas MET indirectly activates AMPK by blocking mitochondrial respiratory chains [15] , explaining the duration of the reaction and the absence of The experiment was performed 10 times; values (%) are means 6 SEM. Different letters in each incubation time indicate significant differences between control and treatment at P , 0.05. There was a significant time effect (P , 0.01).
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phospho-Thr 172 -AMPK in the midpiece of MET-treated sperm. A decrease in ATP levels would be expected if this indirect activation by MET were made in the absence of energetic substrate, but ATP levels did not significantly decrease much, probably because the incubation medium BPSE buffer contains glucose, which is metabolized in glycolysis pathway to produce ATP.
However, other mechanisms should not be neglected, such as a possible MET action through a different signaling pathway such as LKB1/AMPK [53] , as suggested in mice sperm [54, 55] . Unlike MET, AICAR is rapidly metabolized to an AMP analog (ZMP), the accumulation of which leads to AMPK activation by mimicking the effects of AMP [25, 26] , much probably explaining here the rapidity of the stimulating effect of AICAR on sperm functions (less than 10 min).
In the presence of CC, inhibition of AMPK phosphorylation was clearly seen using Western blotting, and phospho-Thr 172 -AMPKa was mainly immunolocalized in the flagellum, followed by the midpiece, accompanying a reduction of ATP. Moreover, AMPK dephosphorylation was observed when CC was added after AICAR stimulation. CC has been used primarily as an inhibitor of AMPK phosphorylation [31] . It is a high-affinity ligand that competes with AMP and ATP for binding to AMPK [15, 32] and ZMP, the active AICAR metabolite, which also binds at the AMP-binding site to activate the kinase [26] . Compound C has also been reported to 
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inhibit the activity of AICAR by blocking the uptake of AICAR into the cells [33] . Whatever the mechanism(s) involved, CC-induced inhibition of AMPK phosphorylation reveals a drop in phospho-AMPK, indicating that Ser/Thr phosphatases continuously dephosphorylate AMPK in chicken sperm. AMPK is already known to be dephosphorylated by PP2A or PP2C [56] [57] [58] , and PP2A has been shown to be active in chicken sperm [59] , supporting this hypothesis. Taken together, these results show that CC could directly inhibit AMPK, and the decrease in AMPK phosphorylation observed here is in accordance with efficient dephosphatase activity in chicken sperm.
However, total AMPKa and phospho-Thr 172 -AMPKa levels decreased after only 25 min of incubation instead of after 10 min as would be expected for a direct inhibition. We suggest that the low concentration of CC (5 lM CC, thus 200-to 400-fold less than MET and AICAR; see Supplemental Figs. S7-S9) used here to avoid toxic effects of higher doses of its solvent DMSO and of CC itself, limits the study of the direct effect of the inhibitor. Considering the actual state of the art, we thus suggest that CC directly acts on AMPK phosphorylation in chicken sperm, but the conditions of experimentations ensuring the maintenance of sperm viability do not permit a rapid action due to the obligation of using very low concentrations of the inhibitor.
Regarding lactate production, both AICAR and MET increased lactate contents of sperm, whereas CC decreased it. Sperm are known to metabolize different actors of the glycolysis pathway [60] . Lactate is one end-product of glycolysis, and AMPK activation would then improve the metabolism status through glucose uptake and/or glycolysis, inducing increased ATP concentration and lactate production as in other cell models (granulosa cells, rat skeletal muscle) [21, 27] .
Regarding the different motility parameters: following and enlarging on previous studies of the effect of MET and CC on mammalian sperm [24, 35] , we found that AICAR and MET increased many chicken sperm motility parameters. In agreement with our observation of AMPK phosphorylation, AICAR increased some of them (% motile, % rapid, % progressive, VAP in lm/sec, and VSL [lm/sec]) in less than 10 min, faster than MET that was not effective before 25 min. AMPK inhibition by CC significantly reduced many motility parameters (% motile, % rapid, VAP, VCL) in a timedependent way (statistically significant after 25min, the time also needed for the activation by MET). In addition, CC also inhibited the stimulatory effects of AICAR on sperm motility. In brief, our results strongly suggest that the AMPK pathway has a role in the stimulation of chicken sperm motility.
We also show that AMPK plays a role in chicken sperm acrosome reaction. The acrosome reaction occurs by fusion of the sperm head cytoplasmic membrane and the underlying outer acrosomal membrane, so that the acrosome content is released [61] . In most mammalian species, acrosome reaction occurs only in capacitated sperm [62, 63] and capacitation requires specific environments and different substrates. Lactate is one of the known substrates required for capacitation and acrosome reaction [64] . However, in chicken sperm, the acrosome reaction can be induced very rapidly in vitro [65] without previous capacitation [66] . Unlike that in mammals, the present study indicates that the inhibition of AMPK with CC significantly decreases chicken sperm acrosome reaction and reduces its stimulation by AICAR, whereas the activators AICAR and MET stimulate it. The actions of MET and CC were slower (after 25 min) than the AICAR action that increased sperm acrosome reaction as quickly as motility (in 10 min). AMPK activity, thus, seems necessary for optimal chicken sperm acrosome reaction.
AICAR and MET also increased viability at 25 and 40 min compared to controls, which showed a viability decrease at 40 min. Compound C alone did not affect sperm viability at the concentration and time chosen for the main experiments but reduced the increase of viability by AICAR. Thus, it seems that in addition to their motility and acrosome reaction stimulation, the direct (AICAR) or indirect (MET) activations of AMPK slow down the decrease of viability induced by in vitro incubation.
Regulation of acrosome reaction and motility by AMPK seems to respond to the same kinetics, as if common central actors of these two different sperm functions are in action when AMPK is activated. We propose a scheme (Fig. 10) whereby MET could mainly activate AMPK pathways indirectly by inhibiting complex I of the mitochondrial respiratory chain, whereas AICAR (ZMF) could directly and rapidly activate AMPK. Compound C would mainly act through a direct inhibition of AMPK phosphorylation. Our data strongly suggest that AMPK phosphorylation is a central action regulating the improvement of metabolic functions and ATP production needed to ensure high energy consuming process such as sperm motility and acrosome reaction.
At this stage of the discussion, we must explain why our study was carried out at 358C despite the fact that hen body temperature is close to 418C. Chicken semen incubated in vitro exhibits very low acrosome reaction at 408C À418C (less than 10% at 10 min in our working conditions) and a decrease in viability that is much more rapid (30% loss after 25 min) than at 358C. In addition, sperm become immotile as the in vitro temperature is raised to 408C-418C but may regain their motility when the temperature is decreased to 308C; but the conservation of motility capacity is lower at 418C than at lower temperatures [41, 42, [67] [68] [69] [70] . Thus, a 418C temperature would possibly be optimal for the conservation of sperm interacting with hen oviductal cells but certainly not for diluted freeswimming sperm. We thus decided to observe the AMPK regulation in sperm incubated in vitro at the temperature where the motility and the percentage of AR are optimal, but not too far from the chicken body temperature, that is, 358C.
Taken together, the results presented here show that AMPK signaling pathway is positively involved in the motility and in the capacity of chicken sperm to undergo the acrosome reaction. AMPK modulators penetrate cells to modify ATP energy as well as sperm functions much faster in chicken than in boar sperm, which needed 60 min [71] ; and the rapidity of the action is higher with the more direct AMPK activator (AICAR, less than 10 min). This leads us to assume that some signaling pathways differ between mammals and birds. Unlike mammals, bird sperm acquire part of their motility and fertilizing capacities immediately after leaving the testis [4, 5] and can reside for a very long time in the female genital tract (3 wk for chicken) before acrosome reaction and fertilization occur [60] . Moreover, the signaling pathways positively involved in chicken sperm acrosome reaction occurs in vitro in less than 5 min [39] . Thus, signaling pathways can be activated very rapidly in chicken sperm and we suggest that these highly differentiated cells with an ''inactive genome'' would be a model to study ''non genomic'' basic and rapid involvement of signaling pathways in different metabolic functions.
In conclusion, we identified for the first time the presence and potential roles of AMPK in chicken sperm. We have shown that AMPK is expressed in the acrosome, midpiece, and flagellum and that AMPK phosphorylation occurs at Thr 172 , mainly in the flagellum and acrosome. The use of AMPK activation/inhibition by pharmacological modulators (AICAR, MET, and CC) showed that AMPK is significantly and quickly involved in bird sperm motility and acrosome reaction, which is essential to the fertilization process. This emphasizes the role of energetic sensors in the complex process of fertilization.
